Thiazide-induced potassium loss may contribute to new onset diabetes (NOD). KCNJ1 encodes a potassium channel and one study observed that a KCNJ1 single-nucleotide polymorphism (SNP) was associated with changes in fasting glucose (FG) during hydrochlorothiazide (HCTZ) treatment. We used linear regression to test association of KCNJ1 SNPs and haplotypes with FG changes during HCTZ treatment in the Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) study. We used logistic regression to test association of KCNJ1 variation with NOD in HCTZ-treated patients from the International Verapamil SR Trandolapril Study (INVEST). Multivariate regression analyses were performed by race/ethnicity with false discovery rate (FDR) correction. In PEAR blacks, a KCNJ1 SNP was associated with increased FG during HCTZ treatment (beta ¼ 8.47, P FDR ¼ 0.009). KCNJ1 SNPs and haplotypes were associated with NOD risk in all INVEST race/ethnic groups (strongest association: odds ratio 2.14 (1.31-3.53), P FDR ¼ 0.03). Our findings support that KCNJ1 variation is associated with HCTZ-induced dysglycemia and NOD.
INTRODUCTION
Hypertension and type 2 diabetes are major causes of morbidity and mortality. 1 Hypertension is an independent risk factor for type 2 diabetes and a patient with both diabetes and hypertension is at an increased risk of an adverse cardiovascular (CV) outcome versus a patient with hypertension alone. 2, 3 Thiazide diuretics are considered first-line agents for the treatment of hypertension, but thiazides are also associated with glucose elevation and new onset diabetes (NOD). [4] [5] [6] Because thiazides contribute to NOD development, their benefit in a hypertensive patient, including reduction in CV risk, may be offset by this adverse metabolic effect.
The importance of identifying predictors of thiazide-induced dysglycemia was emphasized by a working group from the National Heart Lung and Blood Institute. 5 A priori identification of patients who will develop dysglycemia during thiazide treatment could guide thiazide prescribing to reduce the risk of NOD. Interindividual variability in thiazide-induced dysglycemia and strong genetic associations with type 2 diabetes suggest that drug-gene interactions influence thiazide-induced dysglycemia. 5, 7 Despite the potential utility of personalized medicine in avoiding adverse metabolic effects of thiazides, few studies have investigated pharmacogenetics of thiazide-induced dysglycemia. [8] [9] [10] Although thiazides raise fasting glucose (FG) levels, the mechanisms of thiazide-induced dysglycemia are not fully understood. Thiazide diuretics such as hydrochlorothiazide (HCTZ) may increase FG through increased potassium excretion, which can impair insulin release and decrease glucose uptake into skeletal muscle. 11, 12 Supporting the role of potassium depletion in thiazide-induced dysglycemia, the non-synonymous singlenucleotide polymorphism (SNP) rs59172778 in the potassium inwardly rectifying channel, subfamily J, member 1 gene (KCNJ1) has been associated with decreased FG during HCTZ treatment. 9 We investigated the association of KCNJ1 SNPs and haplotypes with change in FG during short-term HCTZ treatment in the Pharmacogenomic Evaluation of Antihypertensive Responses (PEAR) study. PEAR compared adverse metabolic effects in hypertensive patients treated with atenolol and HCTZ. We also investigated the association of KCNJ1 SNPs and haplotypes with NOD during long-term HCTZ treatment in the International Verapamil SR Trandolapril Study (INVEST) . INVEST compared CV outcomes and NOD in hypertensive coronary artery disease patients treated with two antihypertensive treatment strategies.
MATERIALS AND METHODS
All patients enrolled in PEAR and INVEST provided written informed consent, and the institutional review boards of participating study centers approved the study protocols. history of heart disease or diabetes. After a 3-to 8-week washout period, patients were randomized to receive HCTZ 12.5 mg or atenolol 50 mg daily followed by dose titration to HCTZ 25 mg or atenolol 100 mg daily for 6-9 weeks (Figure 1 ). The other agent was then added, with similar dose titration for 6-9 weeks of combination treatment. BP, FG, serum potassium, urinary potassium and plasma insulin were acquired at baseline, after monotherapy, and after subsequent combination therapy. We investigated the impact of 25 KCNJ1 SNPs on change in FG during HCTZ treatment, combining data for FG changes during both HCTZ monotherapy (HCTZ arm) and HCTZ add-on therapy (atenolol arm) (Figure 1 ). Change in FG during HCTZ monotherapy was defined as the difference in FG from the start of HCTZ monotherapy to the end of HCTZ monotherapy. Change in FG during HCTZ add-on therapy was defined as the difference in FG from the start of HCTZ to the end of the trial (Figure 1 ). In addition, similar analyses were performed in PEAR atenolol-treated patients to assess specificity of KCNJ1 associations with HCTZ.
INVEST study design and population INVEST evaluated adverse CV outcomes and NOD occurring during randomized treatment with either an atenolol-based or a verapamil sustained release (SR)-based antihypertensive strategy in patients with hypertension and coronary artery disease who were X50 years of age. The design, primary outcome and NOD results have been previously published in detail. [14] [15] [16] [17] Briefly, the verapamil SR strategy consisted of stepped therapy with verapamil SR, trandolapril add-on, dose titration, then HCTZ add-on treatment for BP control and end organ protection as necessary. The atenolol-based strategy consisted of atenolol, HCTZ add-on, dose titration, then trandolapril add-on treatment as necessary.
INVEST-GENES collected DNA samples from 5979 INVEST patients at 187 sites in the United States and Puerto Rico, who provided additional written informed consent for genetic studies. We conducted a nested case-control study including those who developed NOD during follow-up (cases) and age, race and gender-matched participants who remained diabetes-free over a mean 2.8 years follow-up (controls). NOD was determined by site investigators from a review of all available patient data, as well as use of diabetic medication. 16 Patients taking anti-diabetic medication or with diabetes history at baseline were excluded from this analysis.
Genotyping and quality control
In both cohorts, genotyping for KCNJ1 tag SNPs was accomplished using the HumanCVD BeadChip (Illumina, San Diego, CA, USA). The HumanCVD BeadChip contains approximately 50 000 cosmopolitan tag SNPs for 2100 CV and metabolic-related genes. 18 Twenty-four KCNJ1 tag SNPs were present on the HumanCVD BeadChip, selected for r 2 40.5 and minor allele frequency (MAF) 40.05. Patients were excluded if sample genotype call rates were below 95% and SNPs were excluded if genotype call rates were below 90%. Genotype data quality was further ensured in PLINK using concordance rates for blind duplicates, gender confirmation using X-chromosome genotype data, cryptic relatedness using pairwise identity-by-descent and estimation of heterozygosity using the inbreeding coefficient F. 19 Genotyping for rs59172778 (hcv632615) was accomplished using the TaqMan 7900HT real-time PCR system (Applied Biosystem, Carlsbad, CA, USA).
Definition and treatment of race/ethnicity PEAR race/ethnicity was self-described by study patient and confirmed by principal components analysis (PCA) performed using linkage disequilibrium (LD)-pruned data from the HumanOmni1-Quad BeadChip (Illumina). In PEAR, any patient that did not report black ancestry during screening was considered non-black in statistical analyses. INVEST race/ethnic groups were determined by patient report with interaction by the study investigator and confirmed through PCA with LD-pruned HumanCVD BeadChip data. 20 To minimize confounding by population stratification, pharmacogenetic analyses were performed by race/ethnicity and adjusted for principal components (PCs) one, two and three. PCs were generated separately for each race/ethnic group. PCs one, two and three were used in both PEAR and INVEST, as three PCs provided adequate separation of race/ ethnic groups, fewer PCs did not provide adequate separation of race/ ethnic groups and additional PCs provided no further precision. PCA was performed using JMP Genomics version 5.0 (SAS, Cary, NC, USA) in which the EIGENSTRAT method was implemented. 21 
Statistical analysis
All statistical analyses were performed using SAS version 9.2 and JMP Genomics version 5.0 (SAS). Significance was determined using an false discovery rate (FDR) correction for all SNPs and haplotypes within each race/ethnic group. Deviations from Hardy-Weinberg Equilibrium were assessed using Fisher's Exact Test by race/ethnicity with alpha ¼ 0.05.
PEAR. Differences in change in FG and serum potassium during HCTZ monotherapy versus HCTZ add-on therapy were tested using Wilcoxon Rank Sum. Laboratory values were tested for normality using KolmogorovSmirnov and variables were log-transformed if non-normal. Linear regression was used to model KCNJ1 SNP and haplotype effects on change in log(FG) during HCTZ using allelic trend tests in an additive model. P-values were determined using log-transformed data whereas betas were calculated using non-transformed data to provide clinically interpretable genotype effects on change in FG. Variables for adjustment were selected for potential impact on FG and included log(FG) at start of HCTZ, age, gender, waist circumference, potassium supplementation during the study, drug arm, average home systolic and diastolic BP, HCTZ dose, duration of HCTZ treatment and PCs one, two and three. In secondary analyses, linear regressions for change in FG were also performed for significant SNPs with additional adjustment for baseline and change in serum potassium, urinary potassium and plasma insulin. KCNJ1 SNP effects on change in serum potassium during HCTZ treatment were also tested.
INVEST. Baseline differences in patient characteristics between cases and controls were determined using t-tests, Wilcoxon Rank Sum and chi-square tests as appropriate. Multi-variable logistic regression models were used to assess KCNJ1 SNP effects on NOD risk in patients treated with HCTZ. Odds ratios (ORs) per allele copy and 95% confidence intervals were calculated using allelic trend tests. A patient was considered to be HCTZ-treated if HCTZ was prescribed prior to NOD diagnosis. Similar treatment definitions were used for atenolol and trandolapril, which belong to drug classes known to affect NOD incidence. 6 For significant SNPs and haplotypes, additional regressions were performed in patients not treated with HCTZ, in patients treated with X25 mg per day HCTZ and in patients treated with continuous HCTZ for X6 months. SNP*HCTZ treatment interaction Pvalues were also determined for significant SNPs. Variables for adjustment were chosen for potential impact on NOD and included age, gender, body mass index, average on-treatment systolic BP, hypercholesterolemia, smoking history, potassium supplementation during the study, PCs one, two and three and trandolapril or atenolol treatment. LD and haplotype design LD analysis and pairwise LD (r 2 ) were performed within race/ethnic groups using Haploview. 22 We used SAS to create phased haplotypes within race/ethnic groups from SNPs reaching nominal significance (Po0.05). Common haplotypes (frequency40.05) were tested for association with change in FG during HCTZ treatment and NOD risk in previously described statistical models. If two nominally associated SNPs were in very high LD (r 2 40.9), one SNP was included in haplotypes.
RESULTS
Association of KCNJ1 variation with increased FG during HCTZ Treatment in PEAR A total of 768 patients were included in PEAR analysis, including 382 who received HCTZ monotherapy and 386 who received HCTZ add-on therapy. Differences in baseline characteristics for patients randomized to HCTZ and atenolol drug arms are presented in Table 1 . Median increase in FG was 2.50 mg dl
(interquartile range (IQR) À 3.5 to 7.5) during 9 weeks of HCTZ monotherapy and 2.00 mg dl À 1 (IQR À 4.0 to 8.0) during 9 weeks of HCTZ add-on therapy (P ¼ 0.69). Serum potassium decreased a median 0.27 mEq l À 1 (IQR 0.04-0.57) during HCTZ monotherapy and 0.31 mEq l À 1 (IQR 0.03-0.59) during HCTZ add-on therapy (P ¼ 0.60). These results support the similarity of distributions in FG data from HCTZ monotherapy and HCTZ add-on therapy and support pooling change in log(FG) data.
Three SNPs (rs581472, rs583352 and rs7933427) deviated from Hardy-Weinberg Equilibrium in at least one race/ethnic group at Po0.05 and were included in the analysis. (Supplementary  Table S1 ) In PEAR blacks (n ¼ 304), one SNP (rs17137967, (MAF 0.05)) was associated with an increased FG during HCTZ treatment after FDR correction (beta ¼ 8.47 (s.e. 2.45), P ¼ 0.0008, P FDR ¼ 0.009). FG increased a median 2.0 mg dl À 1 (IQR À 4.0 to 7.5) among 271 T/T homozygotes, 6.8 mg dl À 1 (IQR 2.0-10.0) in 25 T/C heterozygotes and 15.8 mg dl À 1 (IQR À 2.5 to 34.0) in two C/C homozygotes ( Figure 2 ). This association remained significant after adjustment for baseline and change in serum potassium (beta ¼ 7.94 (s.e 2.46), P ¼ 0.002, P FDR ¼ 0.01), urinary potassium (beta ¼ 8.17 (s.e. 2.47), P ¼ 0.001, P FDR ¼ 0.009), and plasma insulin (beta ¼ 4.96 (s.e. 1.79), P ¼ 0.002, P FDR ¼ 0.01). Nominal (Po0.05) associations with increased FG were also observed for the rs2846680 A allele (beta ¼ 3.55 (s.e. 1.44), P ¼ 0.03, P FDR ¼ 0.13) in blacks. These two SNPs (r 2 ¼ 0.01) were used to create three common haplotypes for black PEAR patients. Haplotype findings in blacks were driven by rs17137967 and therefore were not considered further.
In non-blacks (n ¼ 464), one SNP (rs7933427, MAF ¼ 0.04) was nominally associated with increased FG (beta ¼ 3.46 (s.e. 1.55), P ¼ 0.02, P FDR ¼ 0.29). The significant SNP rs17137967 in PEAR blacks was monomorphic in non-blacks. The previously reported missense SNP rs59172778, which was previously associated with a decrease in FG, 9 occurred only in non-blacks (MAF ¼ 0.01), was not in LD with any other SNP tested, and was not associated with Bars represent medians and P trend indicates P-value for change in log(fasting glucose) during HCTZ using an allelic trend test adjusted for log fasting glucose at start of HCTZ, age, gender, waist circumference, potassium supplementation, drug arm, average home systolic and diastolic blood pressure, duration of HCTZ treatment and principal components one, two and three. P FDR indicates P trend false discovery rate (FDR)-corrected for all SNP and haplotypes in PEAR blacks.
change in FG during HCTZ treatment (P ¼ 0.58). However, we did observe a significant association between this SNP's G allele and increased serum potassium during HCTZ treatment in nonblacks, increasing a median 0.38 mEq l À 1 (IQR À 0.07 to 0.48) in eight rs59172778 A/G heterozygotes and decreasing 0.29 mEq l À 1 (IQR 0.04-0.58) in 222 A/A homozygotes (P ¼ 0.001, P FDR ¼ 0.02). Associations between model covariates and change in FG are presented in Supplementary Table S2 . No significant associations were observed in any race/ethnic groups in atenolol-treated PEAR patients.
Association of KCNJ1 variation with NOD risk after HCTZ treatment in INVEST Over a mean of 2.8 years, we identified 446 NOD cases in the INVEST GENEtic Substudy (INVEST-GENES), 410 of which were successfully genotyped on the HumanCVD BeadChip. NOD cases had higher baseline body mass index and diastolic BP, and a higher percentage of left ventricular hypertrophy than age, race/ethnicity and gender-matched controls. (Table 2 ) During INVEST, the proportion of patients who were treated with HCTZ was higher in cases (74%) than in controls (62%, Po0.0001). Mean atenolol dose was higher in cases (72 mg) than in controls (67 mg, P ¼ 0.02) in those who were treated with atenolol.
No KCNJ1 SNP deviated from Hardy-Weinberg Equilibrium in control patients from any race/ethnic group in INVEST. (Supplementary Table S3 ) In HCTZ-treated whites (n ¼ 371), two SNPs (rs12795437 and rs11600347) were significantly associated with a greater than two-fold increase in NOD risk per variant allele (P ¼ 0.006 (P FDR ¼ 0.04) and P ¼ 0.008 (P FDR ¼ 0.04), respectively). (Table 3 ) These two SNPs were also associated in HCTZ-treated Hispanics (n ¼ 464) at nominal (Po0.05) significance. (Supplementary Figure S1 ) One SNP (rs658903) was associated with a more than 60% reduced risk of NOD (P ¼ 0.002 (P FDR ¼ 0.04)) in Hispanics. (Table 3 ) In HCTZ-treated black patients (n ¼ 131), one SNP (rs675388) was associated with a 3.13-fold increased NOD risk with each allele copy (P ¼ 0.004 (P FDR ¼ 0.03)). We found 10 other SNPs associated with NOD in HCTZ-treated patients at nominal (Po0.05) significance in at least one race/ethnic group. (Supplementary Figure S1 ).
After LD analysis in whites, three SNPs (rs2238009, rs12795437 and rs11600347) were used to construct three haplotypes with frequency40.05. The haplotype HapW1 (GCA) was associated with significantly increased risk for NOD during HCTZ treatment (P ¼ 0.006 (P FDR ¼ 0.04)). (Table 3) In Hispanics, haplotypes were inferred from five nominally associated SNPs (rs675388, rs1148058, rs658903, rs12795437 and rs3016774), resulting in five haplotypes with frequency40.05. HapH1 (CATCT) was associated with an approximately two-fold increased risk for NOD per haplotype copy (P ¼ 0.003 (P FDR ¼ 0.03)) and the opposite haplotype HapH2 (TGAGC) was associated with a 57% reduction in NOD risk per haplotype copy (P ¼ 0.007 (P FDR ¼ 0.04)). In blacks, two nominally associated SNPs (rs675388 and rs1148059) were used to infer three haplotypes with frequency40.05. HapB1 (GC) was associated with a 72% decreased NOD risk during HCTZ treatment (P ¼ 0.003 (P FDR ¼ 0.02)). The SNP rs59172778 previously reported to be associated with changes in FG had a MAF of 0.01 in whites and Hispanics and was not associated with NOD in either race/ethnic group. Consistent associations were observed for SNPs and haplotypes in all three ethnic groups when HCTZ treatment was defined as X6 months or X25 mg per day. (Table 3 ) Importantly, no KCNJ1 SNPs or haplotypes were associated with NOD in patients not treated with HCTZ in any race/ethnic group. This resulted in significant SNP*HCTZ treatment interactions for NOD. (Table 3) Associations between model covariates and NOD are presented in Supplementary Table S4 .
DISCUSSION
In the present study, we observed a significant association between KCNJ1 variation and increased FG in blacks treated with short-term HCTZ. We also observed significant increases in serum potassium with a KCNJ1 SNP previously associated with decreased glucose during HCTZ treatment. Our study also observed that KCNJ1 variation was associated with NOD in patients treated with long-term HCTZ in all race/ethnic groups. These associations remained significant in patients treated with HCTZ for an extended duration and in patients taking higher daily doses of HCTZ. We observed no associations achieving even nominal significance in non-HCTZ-treated patients, suggesting effects of KCNJ1 variation on dysglycemia are specific to HCTZ treatment.
KCNJ1 variation was associated with change in FG in PEAR and NOD in INVEST, during both short-and long-term HCTZ treatment, and in most race/ethnic groups studied, suggesting that variability in KCNJ1 affects HCTZ-induced dysglycemia. Disparate results in PEAR and INVEST suggest either different pharmacogenetic markers for FG versus NOD during HCTZ treatment or that the SNPs studied here are all tagging a functional SNP. Disparate associations between race/ethnic groups suggest differences in LD, which are observable in the PEAR and INVEST populations (Supplementary Figure S2 through Supplementary Figure S6) , (17) 100 ( KCNJ1 and thiazide-induced dysglycemia JH Karnes et al and the need to identify functional variants in KCNJ1. PEAR and INVEST enrolled different study populations, used varied durations of HCTZ treatment and employed contrasting antihypertensive treatment, which might have contributed to disparate genetic associations with the dysglycemia phenotype of focus in each study. Our study is strengthened by the inclusion of two different metabolic phenotypes across the diabetes continuum and two different study populations. While different associations were observed in PEAR and INVEST, significant associations of KCNJ1 variation in two independent populations and a previous association support that KCNJ1 variation influences thiazideinduced dysglycemia. 9 Our results also suggest that KCNJ1 variation affects FG during both short-and long-term HCTZ treatment.
The relationship between potassium and glucose is well described, and decreased serum potassium has been implicated in thiazide-induced dysglycemia.
5 KCNJ1 encodes the renal outer medullary potassium channel (ROMK1, Kir1.1) that is responsible for potassium excretion in exchange for sodium absorption through the epithelial sodium channel (ENaC). 23 This action occurs in the collecting duct distal to the thiazide-sensitive sodium/chloride co-transporter, the direct target of thiazide diuretics. SNPs may influence HCTZ's effect on ROMK1 function, disrupting potassium homeostasis and affecting glucose-dependent insulin secretion from pancreatic beta cells or glucose uptake into skeletal muscle. 23, 24 KCNJ1's direct role in potassium excretion and the previous association of a KCNJ1 SNP with thiazide-induced dysglycemia make KCNJ1 a particularly compelling candidate gene in the pharmacogenetics of thiazide-induced dysglycemia. Many other compelling candidate genes exist for pharmacogenomic study of thiazide-induced dysglycemia, including the ENaC genes, SCNN1A and SCNN1G, and the thiazide-sensitive sodium-chloride co-transporter SLC12A3.
Our study adds to existing literature by attempting to replicate a previous SNP association and investigating the effect of KCNJ1 variation on both FG changes and NOD. An analysis from the Genetic Epidemiology of Responses to Antihypertensives (GERA) study observed decreased FG in rs59172778 (M338T) G allele carriers (n ¼ 8, mean À 4.6 mg dl À 1 ) and increased FG in A/A homozygotes (n ¼ 532, mean 3.8 mg dl À 1 ) after 4 weeks of HCTZ treatment. 9 In the present study, we did not observe an association between this SNP and change in FG or NOD during HCTZ, but we did observe a significant increase in serum potassium in PEAR with the G allele, which is consistent with a lower FG. However, the GERA study reported a lack of association between the SNP and change in serum potassium. Additional studies are necessary to refine the role of potassium depletion and KCNJ1 variation in thiazide-induced dysglycemia.
While secondary analyses of antihypertensive trial data have provided evidence that potassium depletion is associated with increased FG during thiazide treatment, 11, 25 a recent analysis from the PEAR study observed no correlation between change in serum potassium and change in FG levels during thiazide treatment, using individual patient data rather than aggregate pooled data. 26 Our KCNJ1 SNP findings in PEAR blacks remained significant after adjustment for serum and urinary potassium, and plasma insulin, suggesting that effects of KCNJ1 variation are independent of potassium and insulin levels. In addition, potassium supplementation in INVEST was associated with increased NOD risk (Supplementary Table S4 ). The increased NOD risk may suggest that patients with lower potassium levels are at greater risk for NOD or may indicate a higher rate of potassium supplementation in HCTZ-treated individuals, which is insufficient to offset NOD risk after HCTZ treatment. While further research is required, the pathophysiology of thiazide-induced dysglycemia appears to involve potassium, but is likely more complex than a simple inverse relationship between potassium and glucose. Our study has several limitations worthy of mention. We recognize the potential for false positive results in our analyses and our observations need to be independently replicated. We attempted to reduce false positives by using an FDR correction for all P-values acquired in SNP and haplotype analyses within each race/ethnic group. In INVEST, NOD diagnosis was based on investigator reports, but this phenotype is well described in a previous publication, 16 the accuracy of such reporting has been verified by others, 27 and has been used in other trials. [28] [29] [30] Change in FG in PEAR and NOD in INVEST may be confounded by the use of other antihypertensive agents that affect FG levels, ongoing environmental factors and potassium supplementation. We attempted to reduce confounding by controlling for metabolically important variables, antihypertensive treatment and potassium supplementation.
In summary, our results add to available evidence suggesting that genetic variation in KCNJ1 influences the dysglycemic effect of HCTZ. Our observation of different SNP and haplotype effects between race/ethnic groups suggests differences in LD and highlights the need to identify functional SNPs. Functional studies and replication of these associations are needed to better define the potential role of KCNJ1 SNPs in predicting adverse metabolic effects of HCTZ. After further study and replication, KCNJ1 SNPs might be used to provide genotype-guided thiazide prescribing to avoid NOD in patients with risk genotypes or haplotypes. Whether these findings are specific to HCTZ or can be generalized to all thiazide diuretics is also unclear, but KCNJ1 remains a compelling candidate gene in the pharmacogenetic study of thiazide-induced dysglycemia.
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